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A 5-foot-diameter, spherical blast containment chamber was designed for the repeated containment 
of 40-pound charges of TNT. The vessel included a reinforced access port 18 inches in diameter, 
closed by a pair of inward-swinging cafe doors which overlapped the port reinforcing ring all 
around the edges. Four vessels were built to this design. Two of the vessels, mounted on cradles 
identical to the trailer-mounted version, but without the trailers, were experimentally evaluated 
for their blast containment capability . 
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A total of 14 charges was detonated in the first vessel. In the first shots, charges ranging 
from 10 pounds to 30 pounds of composition C-4 explosive were fired. The next 7 shots were 
repeated 35-pound spherical charges of composition C-4. The final shot in the first vessel was 
47.5 pounds of 60 percent strength commercial dynamite. At the conclusion of this test series 
the vessel was still in good condition and had swelled an average of 1 percent over the vessel 
surface, as determined by a network of fiducial gage lengths. Venting of burning detonation 
products from the vessel port was initially fairly severe, but modifications to the closure 
greatly reduced this problem. The design of the remaining three vessel doors was further 
modified to reduce the venting problem. 

Three repeated 35-pound charges were fired in the second vessel, producing an accumulated 
plastic strain of 0.6 percent average over the vessel surface. This is in excellent agreement with the 
observed strain on the first vessel after three shots. The door modifications greatly reduced the 
venting flame, and on two of the three shots, little or no flame vented. Measured peak free-air 
blast overpressures successively decreased from 3.4 to 1.6 psi at 5 1/2 feet from the vessel port 
for the three shots. Likewise, the peak blast overpressures decreased from 0.95 to 0.53 psi at a 
distance of 13 1/2 feet from the port. This decrease is attributed to better seating of the doors 
being achieved by the blast loading. 

Two vessels were mounted on modified, commercial, four-wheel trailers equipped with 
large tool boxes and shipped to NAVEODFAC for further evaluation as prototypes. 
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PREFACE 

Mr. Leonard Wolfson of the Naval Explosive Ordnance Disposal 

Facility served as technical monitor for this program.  The many helpful 

discussions with him materially aided the successful completion of this 

program.  Several persons on the Battelle staff also made valuable con- 

tributions to this program.  Worthy of mention are Joe H. Brown, Jr. for 

managerial support, H. W. Mishler for establishment and supervision of 

the welding procedures used in the fabrication of the containment vessels, 

A. S. Chace for technical support, W. H. Stefanov and others of the weld- 

ing laboratory for conduct of the welding , J. W. Neutzling, H. C. Burch- 

field and others of the machine shop for fabrication and fit-up of the 

vessel, cradle, tool boxes and trailer modifications, W. F. Schola, and 

S. C. Green for assistance in the conduct of the explosive experiments 

and E. C. Novell for the principal typing work. 
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INTRODUCTION AND SUMMARY 
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This program was initiated to provide the armed services explosive 

ordnance disposal teams with a trailer-portable blast containment chamber 

capable of completely containing the blast from detonation of AO lb of TNT 

or the equivalent, for several repetitions.  The objectives of the work were 

to develop a vessel design, to fabricate and test prototypes to prove the 

blast containment capability, and to deliver two trailer-mounted prototype 

vessels to the Naval Explosive Ordnance Disposal Facility (NEODF) for 

further evaluation. To accomplish this objective, a spherical vessel design 

was developed which was predicted to suffer a fraction of one percent plastic 

strain, during blast containment.  By designing the vessel to operate in the 

plastic strain regime, rather than providing sufficient vessel strength (and 

weight) to provide blast containment without plastic strain, a weight re- 

duction probably in the neighborhood of 40% was achieved.  The magnitude 

of the weight saving projected depends on the assumptions made regarding 

the maximum allowable elastic stresses and plastic strains.  Obviously, a 

blast containment vessel designed for plastic deformation has a limited life, 

however for this portable application where few actual contained detonations 

are expected, the weight savings far outweigh the life limitation. 

The vessel design developed utilized a 5-ft diameter spherical steel 

chamber with a 1.40-in. average wall thickness. The vessel was equipped with 

an 18-in. diameter access port as dictated by NEODF. The access port was 

arranged in a vertical plane, and closed by a pair of inward swinging, cafe-type 

doors which overlapped the access port on the inside. 

A total of four vessels were constructed of ASTM A-537-72A Class 

1 steel. Two of the vessels were proof-tested at Battelle Columbus Laboratories. 

The other two were mounted on specially modified trailers. After testing, 

all four vessels were delivered to NEODF. 

The first vessel was extensively tested. A total of 13 detonations 

were contained in this vessel, of which 7 were 35-lb spherical charges of 

Composition C-A, and 1 was A7.5 lb of 60 percent strength dynamite in a 

■^i,..^.■^-.■i~:-*.~'..:.,u^<i*i*lt^:>.*i*^.;^t.^, ■■. v„r1 „^itfüftiHi — iniiMriii 
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spherical  charge shape.     At   the  conclusion of  this   test  series,   the  vessel 

had suffered an average of about 1% plastic strain.     Principally  due  to 

variations  in wall  thickness,   the  local  strains  on  the vessel surface varied 

from 1.14 percent in  the  thinner regions   (1.26--in.   minimum wall  thickness) 

to 0.77  percent   in  the  thicker  regions   (1.52-in.   maximum wall   thickness). 

During  the  firing sequence  the  vessel  strain hardened  appreciably  so  that 

the   final   35-lb  C-U  shot of  the  series  produced  less   than  1/3  the plastic 

strain produced by  the   first   35-lb  shot.     At   the  conclusion of  the  test 

series,   the overall appearance of the vessel was essentially unchanged and 

the closure doors and hinges still operated satisfactorily,   although the 

hinge mechanism suffered minor damage. 

Subsequent vessels were  fabricated with  a minor change  in  the hinge 

design to eliminate  the problem noted in  the  first  vessel.    Testing of the 

second vessel  consisted of  three firings  of 35-lb spherical C-A charges.     The 

vessel strain after  3 shots was nearly  identical  to  that of  the  first vessel 

after 3 shots,    0.6 percent strain. 

At the conclusion of testing, the first vessel was shipped to NEODF. 

The other test vessel and two trailer-mounted vessels were shipped to NEODF at 

the  conclusion of the program. 

This  report describes  the material and vessel size selection criteria, 

fabrication procedures  for all vessels,   and the test procedures and results 

for  the vessels  tested. 

. ■*>M1^,.:JJ^^i***..:.^,*^~~.^.-,.^ ^ai;,^.,.^JJ.J„--aiu,.^»,..M,^A»-^,J-^....,.. 
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VESSEL DESIGN AND FABRICATION 

This section contains the design criteria for selection of 

the vessel size, the design criteria for the port reinforcing ring and 

door, the reasons for selection of the materials used, and a description 

of the fabrication method employed. 

Vessel Size 

The selection of the vessel size for this program was based on 

the predictions of a one dimensional, elastic-plastic analysis of a 
(1)* (2) 

spherical vessel.    This analysis was programmed in FORTRAN by Battelle 

for evaluation of the maximum a.v residual plastic strains to be expected, 

in an in-house effort prior to the inception of this program.  The vessel 

size was selected to be 5 ft in diameter with a 1.25-in. wall thickness. 

Using the conservative values of 5O,00G psi for the material yield strength, 

in agreement with the material specification minimum 0.2 percent offset 

yield strength and the blast wave parameters of 50/50 Pentolite on a 1:1 

equivalence to TNT, the selected vessel was predicted to strain 0.46 per- 

cent per 40-lb TNT shot.  In practice, the hemispherical heads for the 

vessels were ordered to be a specified 1-1/8-in. minimum wall thickness 

with expectation of obtaining near the desired average wall thickness.  As 

shown in the evaluation section of this report, the actual minimum and 

average wall thicknesses for the one vessel surveyed were 1.29- and 1.40- 

inches respectively. 

Later estimates of the proper yield strength to be used for this 

A-537 Class 2 material suggested that 100,000 psi would more closely predict 

the vessel performance. Also, during the course of this program, the 

effects of the confined explosion gas pressure were added to the programmed 

analysis.  Appendix A comprises copies of the computer output for the mini- 

mum, average, and maximum wall thickness cases for comparison with experiment. 

* References are given at the end of the report. 
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Reinforcing Ring and Door Design 

The reinforcing ring for the 5.0-ft diameter vessel was 

(3) 
Initially sized using the thin-ring approximation   given in Appendix 

B as Equation (B-6).  However, the final sizing was based upon Equation 

(B-8) of Appendix B since the thick ring approximation was more appro- 

priate due to the small diameter of the vessel opening.  The basic trape- 

zoidal shape of the ring cross-section was then arrived at through an 

engineering layout on which the design procedure outlined in Appendix B 

was applied. 

The design of the ring was further complicated by the fact that 

the closure consists of two semicircular doors.  In the analysis of the 

effect of using two semicircular plates to close the circular opening, it 

was assumed that a static pressure load was distributed uniformly over the 

area of each door and that support of each door is only provided around 

its curved edge.  The difference in the geometrical centers of the door 

area and the door circular arc then Introduces a moment that prescribes 

that the bearing stress between the ring and a door is a maximum near 

the straight line separation of the two doors.  This maximum bearing stress 

was then used to size the bearing surface between the ring and the doors. 

The separation of a circular closure piece into two semicircular 

doors Introduces a bending moment about the plane of the ring at the 

junction of the two doors and the ring since the center of the applied 

pressure moves from the symmetrical center location to the center of area 

of each of the doors.  Since there are two doors and two sides to the ring, 

the moment applied on one side of the ring is found by multiplying the 

pressure over the area of the door by the distance from the center of the 

area to the straight edge of the semicircular door. The stress concentration 

produced by this moment over the loading in the ring from the sphere and an 

assumed circular closure piece was alleviated by welding doublers to the 

ring and sphere.  The doublers were sized to match the maximum use of the 

spherical cap removed from the sphere for the entry port. 

„; ,.  : -^■■..■■M|,M||-|- ^...^ ;.. .^ ...., ^..-.^ ^ ., ^„,.,.^.^, 
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Equation   (B-5)   of Appendix  B was  used  to ballpark  the   thickness 

cf a one-piece   circular door  for  the  vessel port.     Evaluation of  this 

equation   for v  = 0.27,   a    =   30.625  inches,   t    =1.25   inches   (the  cal- 
s s 

culated average  sphere  thickness  on  order  from Lukens)  and a    =9.88 

inches   (the  approximate effective  radius   of  the  door  to  the bearing 

area  on  the  reinforcing ring)   leads   to a  lower bound door thickness  of 

3.28  inches. 

However,   for the split  door  configuration  planned,   the  structure 

whose stress analysis is desired is a semicircular plate,  and loaded with 

a uniform load per unit surface area.     As  the solution for this exact 

problem could not be  located in the standard stress  analysis sources,   the 

solutions   for two similar problems which serve  to bound the exact problem 

adequately were  located.    A simply supported square plate under a uniform 

pressure  is cut into two rectangular sections  called half-square.     The 
(A) following formula was derived for the  thickness t   . required for the 

square plate 

t., =    feet a    /a2]   1/2 . (1) 
sd 

I 

h i 

where   ß is constant dependent on the  ratio of the plate length to width. 

For this   ratio equal  to 1,  ß = 0.2874.     For the half-square,   the  formula 
(5) for the thickness   t,  is identical to Equation (1), but tha constant hs M 

ß is  equal to 0.36.     Thus  the ratio of  the two thicknesses will show the 

additional increment  required when the square door is cut in half: 

Sis^sd-    [  0-36/0.2874]   ^    = 1.12 

In like manner,   the  design criteria for the circular door was modified by 

applying  the factor of 1.12.    Thus  the  total thickness of the plate  re- 

quired is  3.67  inches, which was reduced to 3.50 inches for ordering and 

as an approximation. 

■ ttiViüri-'V-, ^■■■. ;„.-,. 
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Door Hinge Mechanism Design 

The  door hinge was  designed  to  satisfy   the  following general 

3 

■i 

criteria; 

• Each  door should have  a well-defined  axis  of  rotation 

that   does not  change while   the door   is  subjected 

to handling or  traveling loads. 

• The pin  support  system should  allow   the  ring 

and door   to deflect  and move   during explosive 

loading  so that  neither  the  pin nor  any of 

the  mechanism's  pieces  fail. 

The detail  design  that was  chosen  to satisfy  these   two criteria 

consisted of a spring loaded hinge that  utilized a   floating conical 

bearing to provide  the necessary alignment of the  door and yet allow lightly 

restrained movement  during explosive  loading.    The   angle  on  the  conical 

bearing and  the  size   of  the hinge were  determined   from an engineering  lay- 

out of  the  ring and  the door.     Due attention was  paid to  the clearance of 

the straight edge of  the semicircular doors and the accessabllity to the 

hinge mechanism from the outside of the vessel port so that repairs and 

torquing of  the bolts would be  facilitated. 

A spri' g  load of one   thousand pounds was   determined  to be re- 

quired to keep  the  doors  in proper alignment for 6 g traveling loads. 

Since  this  design was  the  first  of its generic type,  a radial clearance 

on the mechanism's bolt and bearing of 3/16 inch were allowed.     The belle- 

ville springs   that  provided  the  preload  in  the mechanism were  sized so  that 

they would not bottom out before  the bolt  and bearing contacted the in- 

side of the hinge. 

Vessel Support Cradle  Design 

<   , 

i     ! 

A basic loading of 6 g's in the  vertical  direction and 4 g's  in 

any horizontal direction were  used independently   to size  the  following: 

•    Support   feet attached to the  vessel 

"^"^■^^ 
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• Tie  down bolts between  the  vessel  feet 

and   the  cradle 

• Frame  of the  cradle 

• Attachment points between  the  cradle  and 

the   trailer 

Since   this was  an  untried method  of supporting an explosive 

containment  vessel,   the  support surface between  the  vessel and  the 

cradle was   taken  along a spherical radius  so  that   the  local  restraint 

of  the  movement  of   the vessel wall would be  minimized.     The  remainder 

of the  design was  concerned with  firmly supporting and holding the vessel 

secure  under the   assumed handling and  traveling  loads. 

Material Selection 

The material selected for  the  vessel  shells was  a steel 

designated as ATSM-537-72A,   Class  1,   or ASME boiler  steel   SA-537A.     This 
(3) 

selection was  made because of past good  experience wltu  this  grade  of 

steel.     Its  original selection was based on  five  considerations:     (1)   a 

high  level of  toughness,   as  measured by  the  Charpy  notched-bar  impact 

test at  low temperatures,   (2) weldability,   (3)  cost,   (4)  availability,   and 

(5)   the  fact  that steels with good impact properties at  low temperatures 

must be  good quality steels.     This provides  additional assurance  that  de- 

formation of the  steels will not be adversely affected by unacceptable 

defects  or improper processing. 

ASTM A-537-72A,  Class 1 steel is a higher quality carbon steel 

with a nominal composition of 0.15 to 0.2 percent  carbon,   1.2 percent 

manganese, 0.2 percent silicon,  less  than 0.02 percent sulfur,  and less 

than 0.01 percent phosphorus.    This steel will have a minimum yield strength 

of 50,000 psi,  a minimum ultimate strength    of 80,000 psi, and a minimum 

of 18 percent elongation  in 8 inches.     In addition,   this  steel will have 

a guaranteed minimum Charpy notched-bar impact strength of value of 12   ft/lb 

at -75F.     Nominal values   for impact strength at -75 F are about 30 ft/lb 

and at  -50 F about  55  ft/lb.     The shells  of all  four vessels were constructed 

of  this  material. 
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During the time of fabrication of these vessels, U. S. 

economic conditions were such that steel availability was less than 

normal. After conside.able difficulty forged material for all four 

doors and rings of AfrM-A-350, Class 3 material was located and ordered 

with an 8 week delivery time.  At delivery time however, it turned 

out that material for only the four doors and two of the four required 

reinforcing rings was available.  After additional difficulty, a large 

plate of 5-1/A-in.-thick, ASTM-537-72A, Class 2 (except for gage) material 

was located and purchased.  The other two reinforcing rings were torch- 

cut and finish machined from this plate.  The mechanical properties of 

both of these steel grades equal or exceed those of the vessel shell 

material. 

The door hinge parts were constructed of mild steel or cold- 

rolled mild steel as were the mounting feet, supports and tie-down bolts. 

The cradles were constructed of standard structural grade 10-in. wide 

flange steel I-beams. 

Fabrication and Welding 

I ! 
The vessels were procured as hot-pressed hemispheres with the 

edges machined as  a weld preparation so that when two hemispheres were 

welded together they would form the best possible spheres. 

After machining,   the  doors and hinge  parts were  assembled to 

the inner side  of each  reinforcement ring and the hinge-parts were welded 

in place.     Each  ring and door assembly was  then welded  into the port 

machined into one hemisphere.     Finally the main girth weld joining the two 

hemispheres  into a sphere was  completed,   the  doubler plate welded in 

place,  and lifting lugs and support feet were welded to  the outside of the 

vessel.    All of the vessel main structural welding was  performed in the 

Battelle-Columbus Welding Development Laboratory using  the established 

welding procedures  Included In Appendix C.     Regardless  of where  the weld- 

ing was performed, weld preheat  temperature of at  least  250 F was  used. 
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The  ring-to-vessel welds  and main girth welds were  made  as 

follows,   after preheat. 

• The  parts   to be welded were  tacked  in place 

using E-8016-C3 covered electrode. 

• The  root  pass was  deposited  from  the  vessel   in- 

side  surface  using  the shielded metal  arc process 

and E-8016-C3  covered electrode. 

• The  root head was   ground out  to sound metal 

from the outside. 

• The  ground surface  of the  root pass was  dye-penetrant- 

inspected  to  insure  removal of any  lack of  fusion 

in the base of the  root pass.    Areas showing any in- 

dication of  lack  of  fusion were  reground and  rechecked 

until sound metal was ensured. 

• The  second weld pass was deposited  from the outside 

by shielded metal arc using the same electrode 

material. 

• The joints on  the  first vessel fabricated and sub- 

sequently   tested extensively were  completed 

using E70- S-A,  0.0A5-in.-dia.  electrode wire 

in a semi-automatic metal-arc welding process, 

according to welding procedure specification P-74-A 

as  given  in Appendix C. 

• The  joints  on   the  subsequent   three  vessels were 

completed using Hobart FabCO 81 cored wire 

electrode  in  a semi-automatic gas  metal-arc welding 

process. 

• The face of each pass was cleaned by power wire 

brushing to remove slag,  and any visible porosity 

in the weld surface was removed by  grinding to 

sound metals between welding passes. 

"'■-■ »-»-~™^..La.i^, J"--—"■"■-"^ 
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• The completed joints were radiographically 

inspected in accordance with Section VIII, 

Pressure Vessel Division 1 of the ASME Boiler 

and Pressure Vessel Code, 197A. 

For the girth welds, short lengths of 26-in.-dia. pipe 

were tacked to the vessel around the reinforcing ring and on the oppo- 

site side to allow rotation of the vessel on a fixture.  This arrange- 

ment allowed automatic control of the welding advance speed and allowed 

all welds to be deposited in the flat or horizontal position. 

The doubler plates were welded in position using the shielded 

metal arc process and E-8016-C3 covered electrode.  These welds were not 

radiographed. 

VESSEL EVALUATION 

i 

An essential  feature  of  this  program was   the  explosive   testing 

of  two of  the four vessels  fabricated.     The  first vessel  tested had a 

port  reinforcing ring of ASTM    A-350  material,  while  the  second vessel had 

a ring of ASTM A-537 Class   1 material.     The  results  permitted an evaluation 

of  the  design criteria  used,   the methods  of  fabrication employed,   and  the 

explosive  containment  capability achieved.     In addition to observation 

and  inspection,   instrumentation  and measurements were  useful   for expressing 

the  response of the vessels  and  for  comparison with straightforward  theo- 

retical  modeling of   the  vessel  design  and material.     Establishment  of a 

dependable model contributes   to  the  confidence of achieving  success with 

future designs   '.o meet other choices  of requirements.     This section presents 

the  results of extensive  testing of  the  first vessel  fabricated and brief 

testing of  the second vessel. 

Preliminary Work 

Upon completion of the  fabrication,   the  first 5-ft  diameter 

explosive  containment  vessel  and cradle were  transported   from the  Battelle 

Laboratories  in Columbus,   Ohio  to Building JS-6 of   the  Battelle  Facilities 

- ^ -'tmwiiii -"--"■■■•-•j-" ■'■'1 
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at  West  Jefferson,   Ohio.     A  total  of  six strain  gages were   installed 

on   the  right outside  surface  of   the  vessel  in a horizontal  plane   that 

includes   the polar axis,   a horizontal  line  that   is  perpendicular  to 

the  plane of  the  door  reinforcing  ring and  to the  main equatorial weld 

of  the  two hemispheres.     The   location and orientation of  the  strain  gages 

is  given in Figure  1.     Gage  #A was  installed on the reinforcing ring to 

monitor hoop strains.     The  other five  gages were   distributed on  the  vessel 

surface between the ring weld  (gage  //I)  and the pole  (gage  #3).     The 

angular position of the gages with  respect to the polar axis is specified 

in Figure 1.    The arrangement of the strain gages assumes  that the vessel 

response to explosive  testing has  cylindrical symmetry about the polar 

axis. 

To install the strain gages,  a clean surface was  obtained using a 

portable grinder.    The gages  used were  type EA-06-250-AE-350 manufactured 

by Micro-Measurements,   Romulus, Michigan.    They were specified to have a 

resistance of 350.0 + 0.15% Ohms and a gage factor of 2.115 + 0.5%.     The 

strain gages were bonded to the vessel with EPY  500 epoxy  manufactured by 

Baldwin-Lima-Hamilton   (BLH).     To cure the epoxy,   the vessel was ..eated 

from the inside with a lar^e portable natural gas burner mounted on the end 

of a 6-ft.  pipe.     ISA type K chromel-alumel thermocouples were spot welded 

near each strain gage  to monitor the temperature.    The epoxy was  cured for 

at   least one hour at  350  0F,   as specified by BLH.     A direct  reading chart 

recorder was used to interpret  the  thermocouple  outputs. 

A series of  fiducial marks were layed out on the  vessel surface to 

monitor the  average  residual strain  over 2-ft sections  accumulated  from 

plastic response to explosive  testing.    The marks  consisted of punch im- 

pressions to  locate one end of a specially constructed tool,  scribe  lines 

to align the  tool and read  the steel scale,  and ink circles  and numbers  to 

locate and identify each mark.    The location of the fiducial marks  is  in- 

dicated schematically  in  Figure  2.     The distance between marks   ranges 

from 22 to 25 inches. 

mmmm uikusiäuttdu  . ^^_ 



I 

WP ^^^y^"» iiii>^>ivNiw|iAii,,.pji|jwiii»MMjjiiiiiT^iiiw^^'iy.<y>^w>j^^^^ 

♦ • 

12 

mi   4 

MAIN WELD 

j 
1 GAGE NUMBER 

1 
2 
3 
4 
5 
6 

TOP VIEW 

e 
150.6° 
86.2 
-0.6 
157.8 
122.6 
44.8 

ORIENTATION 

Horizontal 
Horizontal 
Horizontal 
Hoop 
Horizontal 
Horizontal 

1 

, w 

FIGURE 1.  LOCATION OF THE STRAIN GAGES INSTALLED ON THE OUTER 
SURFACE OF THE FIRST 5-FT. DIAMETER EXPLOSION CON- 
TAINMENT VESSEL. 
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FIGURE 2. LOCATION OF FIDUCIAL ~~S ON THE FIRST 5-FT 
DIAMETER EXPLOSION CONTAINMENT VESSEL. 
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Instrumentation 

r 

, 

The  dynamic  response  of the  vessel  to explosive  testing was 

determined by making Polaroid photographic pictures  of oscilloscope 

traces  of   the  output of bridge  circuits   containing a vessel  strain  gage 

as   the  active  element.     A Tektronix  502A dual beam oscilloscope  gave 

records  for  gage numbers   1 and  2,  and  a Tektronix  5403 dual  trace   oscillo- 

scope was   used  for gage numbers  3 and  A.     Gage numbers  5  and 6 were  not 

monitored  dynamically. 

The   trigger  for  the  oscilloscopes was  provided by  the  explosion 

of  the blasting cap  used  to  set  off   the  Detasheet at  the  center of   the  C-A 

charge.     The  outward motion  of  the  cap  sheath made  contact with an  electri- 

cally  isolated  sheath  of copper sheet   taped  to  the  cap,   in order  to  close 

a  circuit,   discharge  a  capacitor,   and  produce  a voltage pulse  to  trigger 

the   scope  sweeps. 

Static readings  of   the  strain  gages were made with  a Vlshay  In- 

struments  Mcc'el  SB-1 switch  and balance   unit  and a Budd Model  P-350  strain 

indicator.     To determine  the heating effect  of  the explosive  charge,   an 

ISA  type K  chromel-alumel   thermocouple was  spot welded near  the pole  of 

the vessel.     A calibrated chart recorder was  used to record the  time-history 

of  the voltage output of the  thermocouple. 

Charge Preparation 

Charges of composition C-4 high explosives for shots  1-5 were 

prepared by hand packing a  truncated  cubical mold made  of plywood.     Pyramid 

shaped wooden blocks were placed in  the corners of the cube  to produce a shape 

that is a rough approximation to a sphere.     An average density of  1.55 
3 

gm/cm   was  achieved.    A right circular cylinder of Detasheet,   1.5  inches 

in  diameter,   1.5 Inches  long,   and weighing approximately 0.14 pounds, was 

placed at  the  center of the  charge.     A cylindrical hole in  the Detasheet 

cylinder and in one face of  the C-4  charge permitted the  Insertion of a //8 

commercial  detonating  cap  at   the  time  of explosive   testing.     The  nominal 

-     —  —  ■    -'  ■■   ■             ■  ^....^-.^..^ ■.-    ^..|...J   .^^^a..J.^^,..>.J:-   ... .,.. 
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dimension  of   the   cubes  was  6.0,   7.5,   8.1  and  8.6  inches   for   charges 

weighing  10,   20,   25,   and  30 pounds,   respeccively. 

For shots 6-13  improved  spherical  molds were   fabricated   using 

a  combination  of plaster and plywood.     These spheres   flattened  on   the 

bottom rather quickly  due   to  low  rigidity  of C-A.     The  dynamite  selected 

for shot   //14 was  more  difficult   to  form into  a sphere,   and   a   ribbed styro- 

foam structure was  used  to hold   a plastic bag containing   the   charge.     Each 

of   these   charges was  located at   the  center of  the  test  vessel  by  means  of 

a  flimsy  plywood  table   that was   combusted by  the  subsequent   explosion. 

i 
Ultrasonic  Thickness Measurements 

A : 

h 

Figure   3 summarizes   the  thickness  measurements   on   the   first 

vessel,   using an  ultrasonic pulse  technique.     The equipment   used was  a 

Sperry  Reflectoscope UM721,   a plug-in  pulser-receiver unit,    and  a  2.25 

MHZ Aerotech UT probe with a  1-inch  diameter head.     Light   oil was   used  for 

surface  coupling.    The  calibration was established by comparing micrometer 

and ultrasonic measurements on a test specimen cut from  the   cap  of  the 

vessel that was   removed in order   to install  the door reinforcing  ring.     A 

precision  of 0.01  inch was  obtained.     The  measurements  were   taken   in a 

pattern  identical with   the  layout  of  the   fiducial marks.      The  variation 

of   the  thicknesses with  location  confirms  a previous experience with hot- 

pressed hemispheres.  J      Note  that the  shell is  thinnest   near  the  pole    nd 

is  thickest near the main equatorial weld.     The thicknesses   range   from 1.29 

inches  to   1.52  inches.     By proper weighting of the data,   we   estimate  that 

the average  thickness of  the  first vessel was  1.40 inches.       These   results 

are  useful   for predicting  the  elastic-plastic  response  of   the   vessel  to  ex- 

plosive   testing and in  selecting specifications   for future   procurement  of 

explosion  containment vessels. 

,.,... ..^..^^ ^^^^ maiiiiiWi —""- -•- ■^--~..^^^.-^. 
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1.43 

1.48-; 

1.42 

1.41 

1.47 

1.42 

ERROR IN 
MEASUREMENTS = 0.01   INCHES 

AVERAGE THICKNESS  =   1.40 INCHES 

TOP VIEW 

1.48 

1.48+      — 
1.37 

FRONT VIEW 
SIDE VIEW 

FIGURE 3  •     ULTRASONIC THICKNESS   MEASUREMENTS   IN  INCHES  ON 
THE  FIRST  FIVE-FOOT   EXPLOSION  CONTAINMENT  VESSEL 
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Explosive  Testing of  the  First Vessel 

n 

i 

Table  1 presents  a  summary of   the  explosive   testing conducted 

on   the   fifst  5-ft diameter  explosive  containment vessel.     Shot  numbers   1 

and 2 employed a  10-lb  charge,   and the vessel  response was  elastic.     Shot 

number  3  used 20  lbs- of explosive,   and  the  result was  on  the  threshold of 

plastic  response.     Shrt numbers   4  and 5   used  25  and  30   lbs  of C-4, 

respectively,   and a snail plastic  response was  obtained.     The  doors  of  the 

vessel were not  closed  for shot  number  5.     The vessel was  slightly  damaged 

when  the   door bolts  sheared off,   and the  vessel recoiled against   the wall 

of   the  test  chamber.     Using TV  and movie  cameras  furnished by Mr.   L.  Wolf- 

son,   it was  observed  that  the  vent  flame   for shot numbers  3 and  4  was ex- 

tensive and that a further reduction of  tho small vent area around  the 
2 

door  (^0.25  in.  ) was desirable. 

Repair of the damage  to the  first 5-ft explosion containment 

vessel was  completed within  two weeks  after its  occurrence.     Shop work 

was  done   to the hinges,   doors,   and  feet   to repair  the  damage,   improve  the 

door closure,   and decrease   the   vent area.     Restoration of   the strain gage 

wires was  also  accomplished.     Before  transporting  the vessel  to   the  Battelle 

West Jefferson facility,   ultrasonic thickness measurements were  performed. 

The results indicate thicknesses   ranging from 1.26 inch near the pole to 

1.52 inch near the main equatorial weld. 

During the week of March  17,   1975,   the explosive  testing program 

for the  first  5-ft vessel was   resumed with Mr.  Lennard Wolfson and Lt.  H. 

D.   Nix present as  technical observers.     As summarized in Table  1,   eight 

additional shots were  fired with no significant damage  to the vessel.     Shot 

No.  6 was  20 pounds of C-4 to  check out  the instrumentation and  to  find out 

if  the dent at the pole or the  restoration of the door hinges  represented 

defects  that precluded testing with larger charges.    The effects  of shot 

No.  6    were minimal,  and it was  decided  that the vessel would be  tested with 

35 pounds of explosive.    Shot  No.   7 employed 35 pounds of C-4,   and the vessel 

responded quite satisfactorily.     The only damage of significance was a small 

bending of  the  support plate   that  connects   the  two hinges.     This  bending 

was probably due to blast effects.     It progressed slowly throughout  the  test 

—* —■. -.-^■.. ...■■^.i.^. ktaitti mm*m Lia&af'älfflMitoaWA l - ■ .v; 
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TABLE   1.     EXPLOSIVE TESTING RECORD FOR THE  FIRST 
5-FT DIAMETER EXPLOSIVE CONTAINMENT VESSEL 

Shoe 
Number 

Tent 
04te 

Type 
Explosive 

Explosive 
Ue'fht 

Teclmlc«! 
Obtetvers 

1 2/24/75 

2 2/24/75 

1 2/25/75 

13 

14 

2/25/75 

2/26/75 

3/17/75 

3/'7/75 

e 3/18/75 

9 3/18/75 

10 3/18/75 

U 3/19/75 

12 3/19/75 

3/19/75 

3/20/75 

C-4 

C-4 

C-4 

C-4 

C-4 

C-4 

C-4 

C-4 

C-4 

C-4 

C-4 

C-4 

C-4 

60X ipiclsl 
fcladn  dynamite 

10 lb> 

10 lbs 

20 Iba 

25  lbs 

30 lbs 

20 lbs 

35 1b» 

35 lb« 

35 lb. 

35 1b. 

35 lb. 

35 lb. 

15 lb. 

47.5 lb. 

I. Weif»on 
It.  H.  D.  Nix 

I. Unlf.on 
It,  R.   D.  Nix 

L. Volfson 
It,  H.   D.  Nix 

L. Molf.on 
U. H.   D.  Ni« 

I. Wolf«on 
Lt.  H.   D.  Nix 

I.  Wolf.on 
Lt.  H.   D.   Nix 

L.  Wolf.on 
Lt.  N.   D.  Nix 

L. Wolf.on 
Lt.  H.   D.  Nix 

L.  Wolf.on 
Lt. H.   D.  Nix 

L. Wolf.on 
Lt.  H.   D.  Nix 

L. Wolf.on 

EL.tlc response 
Minor InRtrument.tlon problems 

Elastic response 
Instrumentation OK 

Threshold plastic  response 
50 seconds of  venting 
Lost swtsl  strip on door 

SB.11 plsstlc  response 
50 seconds of venting 
Improved scope trigger 

Sa.ll plsstlc   response 
Doors not closed 
Door bolts sheared  off 
Door hlnftes dunaged 
Dent on vessel  pole 
Support feet  tvisted 

60 seconds of venting 
Threshold plastic response 
Lost eyebolt  on right  door 

135 seconds of venting 
Hinge support bent  slightlv 
First small hinge cr.ck 

150 second, of venting 

180 seconds of venting 

200 seconds of venting 

175 seconds of venting 
Lost eyebolt on left dgpr 

150 seconds of venting 
Dent st pole was gone 

135 seconds of venting 
Test stsndk'd met 
Observed det.   orod.   prcs.   hist. 

25 seconds of venting 
81.ck smoke,  no   flares 
Temperature  rise of 105°   F 
Cumulative strain was  only   12 

General comments; 

(1) Truncated  cubical  charge, were used   for  shots  1-5; 
approximately spherical  charres were  used  for shots  6-14 

(2) Instrumentation survived entire  shot  scries   (6-14) 
(3) Small  plastic  reHponuc  with shuts   7-14 
(4) Shots 7-14 Rave an average  Incremental  residual »train of 0.12X 
(5) Vessel temperature rise  for shots  7-13 was 90-100* F 

(6) Hinge  support   problem progressed  slowly after  shot   7 
(7) Small   hinge  crack» appeared ami  slowly developed  after  .hot   7 
(8) Dc.-iu   at  pole  disappeared slowly 
(9) Rlnp.  deformation was   Insignificant 

(10) Door  closure   required attention after each shot 

_____ .^-^.^^-„^.^..v-h   -.^J,-.^ 
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series,   and  led  finally  to  three  small hinge cracks.     The  immediate 

import   of   this  damage, was  a slight  interference with   the  door closure. 

Adjustments were  made with   the hinge bolts  before  each  shot  in order to 

minimize   the  vent  area. 

A total  of seven shots  of  35 pounds of  C-A were   fired.     Each 

shot  caused  the  vessel  to rise 90-100  CF  in  temperature,   representing 

the absorption  of     75  percent of   the explosive energy.     The  average  strain 

over all   fiducial  marks   showed a  slight  increase   in strain per shot   for 

the   first   two  35-lb  shots   (0.103,   0.140 percent)   then  gradually decreasing 

to 0.045  percent  on  the  last  35-lb  shot.     The cumulative  strain of  the vessel 

was approximately  1 percent.    The  reinforcing ring showed very little response 

(    0.3 percent).     It is not known if the dent at   the pole had weakened that 

section of  the vessel.     The principal effect of  the testing was 

to  restore   the  dent  region  to  its  original  spherical  shape. 

As a method for gaining further insight into the venting problem, 

it was  decided after shot No.  13 that 47.5  pounds of Dupont 60 percent 

strength special gelatin dynamite would be   fired  in the vessel.    The venting 

from shot No.   14  lasted only 25 seconds,   and the  test chamber filled with 

black smoke.    The dynamic strain gage records indicated a peak strain com- 

parable with 35 pounds of C-4, however,   the  resulting increase in cumulative 

strain was smaller than for 35 pounds of C-4. 

S 

Measurements on the First Containment Vessel 

i 

Table 2  gives  the cumulative  residual  strain readings  from the six 

strain  gages mounted on the first  five-foot vessel.     The location of these 

gages  is given in Figure 1.    Dirty switch  contacts rendered the results  for 

gage numbers  1-4 invalid for shot no.   1.     The contacts were polished,   the 

gage bridges were  rezeroed, and no new contact problems occurred.     After 

each explosive  test,   the strain gages were  read  3-4  times.    A negative drift 

of approximately   100 microstrain was  observed as   the  vessel cooled down  to 

the  ambient  temperature  in agreement with  published  temperature  coupensatior 

data   for  the  gages   used.     The  results  in Table  2  are   for  a cold vessel. 
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TABLE 2.  CUMULATIVE RESIDUAL STRAIN READINGS FROM STRAIN GAGES 
AFTER SHOT Öl  ON THE FIRST FIVE-FOOT EXPLOSION CONTAIN- 
MENT VESSEL 

(a) The readings on gages 1-4 for Shot Ol  were invalid. 
All gages were rezeroed prior to Shot 112. 

(b) The vessel motion during Shot 175 tore away the cables on gages 1-5. 
(c) Readings prior to Shot //6 after reinstallation of gage cables. 
(d) Explosive was 60X strength DuPont special gelatin dynamite. 

Note: Readings given here are for a cold vessel. 

Shot 
Amount 

of C-4, 
Gap- Gage 

*2, 
Gage 
#3. 

Gage 
#4, 

Gage 
#5. 

Gage 
06, 

Number lbs • pe pe We PE PC PC 

i« 10 — — — ~ 19 23 1 

2 10 82 9 4 19 44 22                 j 

3 20 292 7072 6100 -69 0±4 0±4                J 

4 25 729 9228 14681 -121 -141 -76                I 

2620               ' 5(b) 30 ~ — — — — 

5
<c' — -512 9444 -4128 -227 6719 2662 

6 20 -644 9432 460 -154 6668 2745 

7 35 122 9084 3374 -222 6608 3886 

8 35 -60 8962 5290 -52 6825 5399 

9 35 419 8641 5958 72 7041 5866               f 

10 35 1064 8579 7242 360 8138 7402 

11 35 1679 8426 8208 445 8781 8476 

12 35 2703 8399 9272 584 9261 9476 

13 35 3553 8350 x0002 680 9897 10512 

14 A7.5(d> 3977 8428 11700 1072 10298 12266 

1 ' 
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The  results   indicate   that  the  average   residual  strain  in   the   vessel 

shell  due   to   the  14 explosive  tests was  approximately  1 per   cent.     The 

residual hoop  strain   (Gage  H)   in  the  door  reinforcing ring  was   only 

0.1 percent. 

Tables   3  and A present  the  results  of  the  fiducial   mark   readings 

on  the   first   five-foot vessel.     The  direct  readings  are  summarized   in 

Table   3,   and  the  accumulated strains are  listed  in Table  4.      The   location 

of   the   fiducial marks  is  given  in Figure  2.     Marks  1-1? were   located  on  the 

shell  outer  surface.     A specialized  tool with   a curved section was   used  to 

obtain  readings   related to  the  distance between points  approximately  2A 

inches  apart.    Marks 20-21 on the  cradle surface were measured  to  verify 

the  absence   of problems with   this   tool.     The  very small variation of   the 

readings  for Marks  20-21 supports  the estimate  of a precision  of 0.005 in. 

Marks 22-25  permitted a measurement of  changes  in the mean  horizontal and 

vertical diameters  of the  reinforcing ring.     After Shot //7,   Mr.   Wolfson 

suggested that a measurement of  the vessel circumference near  the main 

equatorial weld would complement the  fiducial mark readings.     A  50-foot  steel 

tape was  used for  the circumference measurements. 

As   indicated ir  the  rightmost  column  of Tables   3   and  4,   the 

accumulated strain  of  the vessel shell after Shot //14 ranged   from 0.61  to 

1.45 percent.     The  average residual strain,   as  determined   from  the  fiducial 

marks,  was approximately 1 percent.     The circumference changed by  0.82 per- 

cent during  the  last   7 shots.     Based on  the   results  for Marks   14-19  during 

the  first  7 shots,   the circumference probably  changed by  1.11  percent  during 

the explosive  testing.    Although there  remain  some unexplained variations 

in  the  data,   the agreement among the average  strain gage,   fiducial,   and 

circumference measurements is very good.    The  influence of   the  doubler plates 

and the cafii  doors  and hinges on the  ring response is given  by  the  results 

for Marks 22-25. 

Figures  4-6 were prepared to display  the results   of  Table  4 more 

clearly.    Figure 4  gives  the accumulated strain  after Shot   //14  at  various 

»^iniinimirriiiiiririili'ri.iaaWliiiWiitiiliiMiiliifrliiii  ..■.■-.■.-.■.■,„.>■—-^ ■■■-.■■..■,■ ■,..--......., _    ■■. —-    -     1 
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TABLE 4.     SUMMARY OF  FIDUCIAL MARK  READINGS ON THE  FIRST FIVE-FOOT EXPLOSION CONTl 

Relative Distance  from Specialized Tools 

Initial 
Approximate After 
Distance, Calibration, Shot 01, 

Marks Inches Inches Inches 

1-2 22 5.917 5.920 

2-3 24 7.913 — 

3-« 25 8.915 — 

4-5 24 8.115 ~ 

5-6 25 8.918 — 

6-7 24 7.936 — 

7-8 22 5.903 — 

9-10 24 7.954 — 

10-11 25 8.976 — 

11-12 24 7.878 — 

12-13 23 6.673 — 

14-15 24 7.918 — 

15-16 24 7.918 — 

16-17 24 7.895(a) — 

17-18 23 6.944 ~ 

18-19 24 7.894 ~ 

20-21 24 7.660 ~ 

22-23 20 9.004 9.009 

24-25 20 8.998 9.003 

Circum 
(e) 197 __ _ 

After After After After 
Shot   92,       Shot   #3,       Shot  04,       Shot   95, 
Inches Inches Inches Inches 

5.925 5.920 5.918 5.987 

— — 7.984 7.990 

— — 8.905 8.941 

— — 8.239 8.025 

— — 8.924 9.0.^4 

— — 8.002 7.998 

— — 5.909 5.967 

— — 8.081 7.966 

— ~ 8.984 8.988 

— — 7.953 7.985 

— — 6.677 6.696 

— — 7.969 7.956 

— — 7.922 7.910 

~ — 7.956 8.014 

— ~ 6.945 6.945 

~ ~ 7.941 7.960 

— ~ 7.655 7.660 

9.009 9.009 9.038 9.023 

9,005 9.009 9.018 8.998 

(b.c) 

(b.d) 

1 
After After 

Shot #6,       Shot  91 
Inches Inch 

6.016 

7.998 

8.98« 

8.212 

9.08 

8.016 

5.99 

8.04' 

9.011 

8.044 

6.757 

7.989 

7.936 

8.059 

6.952 

7.982 

7.656 

9.022 

8.969 

5.344 

(a) Readjustment from 7.995. 
(b) Measurement effected by dent at pole. 
(c) Readinc was 8.075 by alternate method 
(d) R<;adinR was 7.975 by alternate method 
(e) Add 16 feet to all circumference readings. 

M mm 

Notes:     (1) M.irks  20-21   form a standard markt 
(2) Marks 22-23  torm a horizontal  mel 
(?) "irks  2M-2J   iorm a vertical   p.-asul 
1,4) Ci rcun-.terence »cisured  1/2   inch  fc 
(5) The  estimated  error  In the   t'lducli 
(ü) I he eutimatcd error in the circuM 
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1ST FIVE-TOOT EXPLOSION CONTAINMT.NT VESSEL 

I« 20-21   form a  standard  marked on  the vessel   cradle. 
|l  22-23   lorm a  horizontal  measurerrcnt   on   tho   ring  face. 

2<i-2S   lorrr. a  vertical   neasurercnt   en   the   rlnR  face. 
Kuititerenc-  mn.isure'i  1/2   inch  forward  of   the  -air.  equatorial  weld. 
EstinateJ  error   In the   fiducial  mark   reacJlni-s   is  C.005  Inches, 
teotimatcd  error  In the   circumference  measurer.ents  is  0.016   inches. 

iclalized 
P ■ 

Tools 1 
'After 
Riot IS, 
ilnches 

After 
Shot  #6, 

Inches 

After 
Shot in. 

Inches 

After 
Shot 96, 

Inches 

After 
Shot #9, 

Inches 

After 
shot no. 

Inches 

After 
Shot  1711 

Inches 

After 
Sim «12. 
Inches 

After 
Shot  #13, 

Inches 

After 
Shot H^, 

Inches 

| 
Accumulated 
Strain,                                 1 
Percent                               1 

{5.967 6.016 6.067 6.101 6,149 6.189 6.221 6.224 6.237 
1,45                                 1 

7.990   7.998 8.011 8.025 8.043 8.070 8.079 8.092 8.090 0.74                                 1 

^8.941   8.986 9.028 9.059 9.100 9.141 9.169 9.179 9.203 
1,15                                 1 

Lo25(b' c) 8.212 8.172 8.194 8.219 8.251 8.278 8.298 8.316 0.84                                  : 

1- 
|».034   9.081 9.113 9.138 9.157 9.191 9.220 9.238 9.240 1.29                                 I 

|7.998 — _ 8.016 8.027 8.049 8.066 8.097 8.10«» 8.119 8.112 0.73                                 'I 

1-19                               |l 
|5.967 _^, 5.999 6.032 6.078 6.105 6.150 6.155 6.170 6.164 

|7,966(b' V 8.049 8.019 8.050 8.089 8.094 8.104 8.121 8.143 0.79                               | 

18.988   9.011 9.040 9.127 9.168 9.216 9.249 9.278 9.283 1.23                               ^ 

17.985   8.044 8.076 8.090 8.109 8.121 8.126 8.140 8.155 1.15                              | 

6.696   6.757 6.796 6.840 6.870 6.899 6.932 ^.939 6.946 1.19                                I 

|7.956 — 7.989 7.997 8.019 8.043 8.042 8.058 8.062 8.064 0.61                                 | 

17.910 — 7.936 7.955 7.999 8.021 8.045 8.090 8.109 8.115 0.82                                 1 

| 8.014   8.059 8.078 8.115 8.131 8.143 8.150 8.150 8.175 1.17                                   | 

6.945   6.952 6.959 6.984 7.019 7.042 7.069 7.083 7.088 0.63                                  1 

|7.960 — 7.982 7.995 8.012 8.028 8.050 8.052 8.047 8.045 0.63                                  I 

[7.660   7.656 7.656 7.654 7.650 7.652 ?.655 7.655 7.654 ■■"                         3 

1 
9.023 — 9.022 9.024 9.030 9.011 9.021 9.030 9.009 9.027 0.12                                  1 

1 8.998 — 8.969 8.961 8.956 8.950 8.949 8.935 8.951 8.937 -0.31                                 | 

  — 5.344 5.750 5.953 6.250 6.375 6.688 6.875 6.969 0.82 

fr-— - -- — 
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! * 

0.73 

0.63 +    — U..-4I +0.61_ 

RICKT SIDE VIEW 

FRCNT VIEW 

0.79 

FIGURE A.     ACCUMULATED STRAIN  IN PERCENT  FROM FIDUCIAL MARK READINGS ON THE 
FIRST  FIVE-FOOT EXPLOSION CONTAINMENT  VESSEL AFTER SHOT 014. 
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positions.  Figures 5 and 6 show the effect of strain hardening during the 

series of 35-lb shots.  The average incremental strain due to fhot 111, 

assuming the effect of Shot //6 was negligible, was 3 times greater than that 

for Shot //13. 

Figures 7 and 8 illustrate another Interesting point.  The 

rectangular figures at the center of each schematic sphere indicate that 

the charge for shot //5 was intentionally rotated 45° about its vertical 

axis with respect to the position of the charge for shot //A.  Observe that 

the maximum increments in residual strain occurred opposite the major faces 

of the cube.  The pattern rotated 45° between shot numbers 4 and 5.  The data 

gives clear evidence of a charge shape effect, even though the corners of 

the cubes were removed.  The results for strain gage //6, the only gage 

remaining intact after shot #5, in Table 2 agree with this interpretation. 

Good thermocouple data were obtained from an ISA type K thermo- 

couple spot welded near strain gage 113.    Table 5 gives the results for the 

thermocouple measurements.  The average observed temperature increase for 

shots 7-13 was 92.4 + 3.6° F. The results show that the vessel was not 

only effective in containing the blast and fragments but retained 75 percent 

of the chemical energy as well. Reduction of the vent area will not only re- 

duce the flame hazard but will cause an even greater containment of the 

energy.  The adiabatlc AT given in Table 5 is calcluated on the assumption 

that all of the explosive energy is used to heat the 5300-lb containment 

vessel (excluding the 1000-lb cradle).  The formula used was 

AT - ÄQ/W C 
v v 

= q W /W C He e v v  ' 

where AT is the temperature increase in "F, AQ is the heat absorbed by the 

vessel, W is the weight of the vessel, C is the specific heat of the vessel, 

q is the specific energy of the explosive, and W is the weight of ex- 

plosive.  The quantity 

is 
W  C 

v v 

(20.4 x 10 lb-in/lb)   (0.0012854 BTU/Ft-lb) 
(5300  lb)   (0.115 BTU/lb-0F)   (12  in/ft) 

,  v 3.58 "F/lb. 
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- . - . - . - . - . - . - . 0.03 

I 

TOP VIEW 

0.18 
I 

I 
FIOICT VIEW 

0.14 

0.24 

I 
. ~ . - . - . + . - . - . - . (0. 35 J 

IIQfT SIDE VIEW 

FIGURE 5. INCREl1ENTAL STRAIN IN PERCENT FR0!1 FIDt:CIAL MARK READI~GS ON THE 
FIRST FIVE-FOOT EXPLOSION CONTAINMENT VESSEL DUE TO SHOTS 6 & 7. 



L<.f'W>i'i'M,>i     mmiini 

,1   ■ 

i 

■-. 

27 

0,08 

0.084-    —     —     — 

TOP VIEW 

0.06 

0.02 _ — • — • —    -1-0.07 

FRONT VIEW 
Ricm SIDE VIEW 

FIGURE 6.     INCREMENTAL STRAIN  IN  PERCENT FROM FIDUCIAL MARK READINGS  C'N THE 
FIRST  FIVE-FOOT  EXPLOSION  CONTAINMENT VESSEL  DUE TO  SHOT  13. 
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0.124 

0.006 O.OIO 

0.066 0.071 

0.075 

0.004 0.008 

0.047_L     _ JL.  _1|\ _. _ .J^-OLl.— 0.127 

RIGHT SIDE 
FRONT VIEW 

FIGURE  7.     INCREMENTAL CHANGES  IN THE FIDUCIAL MARK READINGS   IN  INCHES 
ON THE  FIRST  FIVE-FOOT EXPLOSION CONTAINMENT VESSEL DUE TO 
SHOT 4. 
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0.110 

-0.004 

0.058 

0.000 

0.019 

0.036 

  ,   I    0.006 

0.019 
0.036 

•0.013 

0.032 

0.004 

RIGHT SIDE 

FRONT VIEW 

FIGURE 8.  INCREMENTAL CHANGES IN THE FIDUCIAL MARK READINGS IN INCHES 
ON THE FIRST FIVE-FOOT EXPLOSION CONTAINMENT VESSEL DUE TO 
SHOT 5. 
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TABLE 5.  SUMMARY OF THERMOCOUPLE MEASUREMENTS 
OF THE FIRST FIVE-FOOT EXPLOSION 
CONTAINMENT VESSEL 

■I : 

Shot 
Number 

Amount 
of C-A, 

lbs 

Initial 
Temperature, 

Observed 
AT. 
oF 

Adlabatlc 
AT. 
oF 

AT 
Ratio, 
Z 

1 10 A6 28.3 35.9 79 

2 10 56 28.3 35.9 79 

3 20 AC A6.S 71.7 65 

A 25(a) 
MB«* — 89.6 — 

5 30<a> ~ — 107.6 — 

6 20 Al 61.3 71.7 85 

7 35 76 91.3 125.5 73 

8 35 42 96.8 125.5 77 

9 35 72 89.6 125.5 71 

10 35 79 88.8 125.5 71 

11 35 55 98.0 125.5 78 

12 35 67 88.3 125.5 70 

13 35 57 94.3 125.5 75 

1A «7.5<
b> A3 105.1 — — 

« 

I 

i 
, !• 

(a) Thermocouple wire separated from vessel during Initial response. 
(b) Explosive was 60% strength DuPont special gelatin dynamite. 

Notes:  (1) Chromel-Alumel thermocouple used 
(2) Adlabatlc AT is the predicted temperature increase. 

If all energy Is used to heat vessel. 
(3) The average observed AT for shots 7-13 was 92.A* 3.60F. 

...A-.M^l^.W.^^,,,;.^.^,.-^^^^^^ 
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where 

t  = vessel wall  thickness 

■ 1.37   in.   at  Gage No.   3 

E = Young's Modulus  =   3  x  10    psi 

e  = the  measured strain 

R = the  vessel  radius  =   30   in. 

v  = Poisson's   ratio =  0.28 

Evaluation  of the  above  expression  for  the maxiinum elastic strain 

measured yields 

P =  2,473 psi max 

For  35  lb  of C-A In  this 5-ft sphere   the  explosive per cubic  foot  is 
3 (8) approximately 0.53  lb/ft   .     Evaluation  of  Proctor's expression  for  the 

confined explosion  gas  pressure   of  a mixture of 91% RDX/9% wax    as  a mock-up 
3 

for  Composition C-4  explosive at  a  charge  density  of 0.53  lb/ft    yields   a 

predicted  static pressure of  1845  psi.     Thus   the pressure  calculated  from 

the  strain  gage  reading is     3A% higher  than  the  predicted value.     Possible 

partial  reasons   for  this  discrepancy  are   the  non-uniform nature of  the 

vessel wall   thickness  and the  combustion of   the wooden  frame  in  the  vessel 

used  to support  the  charge.     In any event,   this was  the only measurement made 

of  this  quantity and no  firm conclusions  should be  drawn  from  it. 

i 
1 'i Discussion 

After firing each of the first five charges, the gases venting 

through the open notches at the ends of the split in the doors burned with 

a bright noisy flame several feet in length extending from the port of the 

vessel as viewed by movie coverage and a closed-circuit TV camera provided 

by Mr. Len Wolfson of NEODF. 

During the time the doors were being repaired after Shot 5, 

additional metal was welded on to one of the doors at both edges, and ground 

down to nicely fill the original wedge shaped notch at the edges of the 

.,... ,.j.ii.».:'-- J...>.,.■,...^-., .. ■>,..-ii^-ia ^.fj^g,'.^.»..^ j.-^aa^ji^^^jniuiiyj^j^g 
: 
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The quantity Q = 20.4 x 106 lb-in/lb for the explosive C-4 
e (6) 

obtained from the bool. by Baker , and the quantity C = 0.115 v 
BTU/lb-cF for steel was obtained from "The Handbook of Chemistry and 

Physics 
II 

Thus the latgest possible temperature rise for the vessel 

was calculated for Table 5 by means of the formula 

6T = (3.58 °F/lb) w . 
e 

The observed values of t:.T ranged from 65 to 85 percent of 

the predicted maximum possible 6T. The percentage of energy containment 

co~ d be increased further if venting were eliminated, for example, 
Ci) with a single pin door design . 

Table 6 gives the dynamic first cycle maximum strains as 

recorded on oscilloscope photographic records. No readable records \o~ere 

obtained on the first four shots, principally due to the occurrence of 

late oscilloscope triggers so that the first cycle strain could not be 

identified with certainty. It will be recalled that the location of the 

strain gages on the vessel and ring are given in Figure 1. No extensive 

analysis of this data has been performed, hoHever there appear to be certain 

inconsistencies in the results \olhich are not understood at present. 

In shot 13, the ou~put of strain gage no. 3 was also connected 

to an oscil l oscope sweeping at 5 sec/em. In addition to the initial os­

cilloscope sweep, several additional sweeps were recorded so that the new 

b seline after venting of the gas pressure was recorded. This record 

shows a baseline shift of 766 ~£ in good agreement with the shift shO\m 

in Table 2 for gage no. 3 on Shot 13 of 730 ~£, the initial oscillos cope 

sweep shows an initial " s tatic" strain after the shot of 612 ~£ referenced 

to the new "relaxed" baseline. The strain rose gradually in about 5 sec 

to a maximum of 650 ~£. Since thj.s strain vas recovered after venting 

the internal gas pressure, it was most li~ely elascic. If it was elastic 

then it may be related to the internal pressure i n the vessel by the ex­

pression 

P • 2tE£/R(l-\l) 
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Shot 
Number 

5 

6 

7 

8 

9 

10 

11 

12 

13 

U 
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DYNAMIC   FIRST CYCLE MAXIMUM STRAINS 
FIRST   FIVE-FOOT EXPLOSION CONTAINMENT 
VESSEL 

Gage Number 
I 2 3 4 

Ute p.E UE PE 

1480? 3690 Off 
Scale 

1512 

1295 2709 2318? 1130? 

1333 1551 Off 
Scale 

1618 

2882 2318 4806 1908 

.'159 2340 4076 2168 

2636 1636 2709 2144 

2840 2509 3440 2474 

2795 1932 3321 2002 

3636 2204 3407 2544 

Bad Bad 3298 2450 
Record Record 

2872 2168 4415 2342 

i 

Note: No readable records were obtained from Shot Nambers 1-3 due 
to various difficulties. 

t: 
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doors   to  reduce   the  venting   rate,  and a new  overlapping strap was 

fastened  on   the  back  of  this  door  to  cover   the  small  gap between the  doors. 

Venting was  still severe enough to produce  a noisy,   hot  flame at the port, 

though  smaller   than   the original  flame noted.     For  the   35-lb   shots,   the 

venting  time  increased  from 3 min  15  sec   for  Shot   7  up   to  3 min 20 sec 

for Shot   10,   then  decreased with each  successive  shot   to  2  min 15 sec 

again at   Shot   13.     The  47.5-lb dynamite  Shot  1A  vented  in  25  sec, with   little 

or no  flame  at  the  port.     Post shot examination  showed  that  appreciable, 

(n/l/S-in.)   metal had been eroded away  along  the  outer  edgep  of the  doors 

where   the  principal  gap was  already  present  during  the  escape oi The   detonation 

product  gases  from  the  dynamite.     There was   also a  layer of  grey ash   in- 

side  the  vessel whereas  the   35-lb  C-4  charge  detonation had  left  the   inter- 

ior of   the  vessel quite  clean. 

At  the   conclusion of  testing  there was  no evidence of cracking 

or  failure  of any  of  the main structural welds,   or of  the vessel surface   or 

reinforcing  ring of  any kind.     The vertical  reinforcing plate  used  to 

reinforce   the   two hinge  pivot straps had been bowed  inward   to contact   the 

doors  and   caused minor difficulty  in opening and  closing the  doors.     The 

bowing of   these  plates  also pulled  the   inner ends   of  the hinge pivot   straps 

slightly  closer  together,   initiating small  cracks   in welds  at   the outside 

comers   of   three  of  the  four hinge pivot  straps where  they were welded  to 

the  reinforcing  ring.     None  of  these had propagated far enough  to produce 

any sort  of  failure however. 

After shipment  of  the first  5-ft  vessel   to NEODF an exaggerated 

swelling on   the bottom surface of  the  vessel was  noi.ed which   is not  visible 

with   the  vessel on its  cradle.    As  shown by   tests  on  the second vessel,   the 

bottom swelling was  apparently  caused by   the  additional  momentum transferred 

to the bottom of   the  vessel by  the  1/A-in.   plywood   top  on  the wooden  stand 

used  to  support   the  charge.     Directly opposite  the bottom of  the vessel, 

on the extreme  top of  the vessel,  a somewhat exaggerated strain is also 

apparent.     This was  probably  caused by  a momentum conservation effect. 

irirfinMrMrWiimiiirt' i n niirir   iviiir „ ^^t^tt^j/t^iftiiu^^^ 
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Explosive  Testing of   the  Second Vessel 

This   vessel had a port  reinforcing  ring of A537-72A,   C1.2  material, 

whereas   the  first  vessel  tested had  a  reinforcing  ring of A-350,  C1.3 

material.     In  this   vessel  as well as   the  trailer mounted vessels  delivered 

the  door  design was  altered as  follows:     the   two doors   fitted together 

along  their entire  mating surfaces with a  change   in   the  angle of  the 

mating surfaces  about halfway  through   the  door   thickness.     The  strap  cover- 

ing the  split  from the  inside was made heavier and bolted on with hanger 

bolts.     Special,   spring-loaded blocks  overlapping  the  joint between  the 

doors   to  affect  a better seal at  the   top  and bottom were also  installed.     The 

hinge  support plate which was bent  during the   first   tests was  modified  to 

reduce   the blast   loading on  it and provide   the  maximum possible  clearance  be- 

tween it  and the  door. 

When prepared for testing,   the second vessel cradle was supported 

on  railroad ties   along both  sides  of   the  cradle   to  allow access  to  the bottom 

of  the  vessel  for  observation and measurements.     The  modified set  of  fiducial 

marks   used on  this  vessel  are shown  in  Figure  9.     No strain gages were 

attached   to  this   vessel. 

Three   35-lb spherical charges of Composition C-4 were fired in 

this vessel.    As before,   the charges were made  up by packing the C-4 into  a 
3 

spherical mold  to a density near 1.55 g/cm  . 

Table   7  gives  a  summary  of  the  fiducial mark  readings  taken on 

this vessel.     The  measurements were  made  using  the  same specialized  tool  used 

for the  first vessel.     Table 8 gives   the strains  calculated from the changes 

in fiducial gage  lengths  for this shot sequence. 

The  charge  for Shot 1 was  supported  on  the  same design stand used 

in testing the  first vessel,   i.e.  a 10-in.-square,   1/A-in.  plywood  top 

supported  on 2A-in.,   1x2  legs.     The  distribution of  strains   from this  shot 

is  shown   in  Figure   10.     Note the  relatively   larger strain produced  on  the 

bottom of   the  vessel   than at other  locations. 
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FRONT  VIEW 

10 I—"   11 

RIGHT SIDE VIEW 

FIGURE 9.     LOCATION OF FIDUCIAL MARKS  ON  SECOND 5-FT 
DIAMETER EXPLOSION CONTAINMENT VESSEL 
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TABLE   7   .     SUMMARY OF  FIDUCIAL MARK  READINGS  ON 
SECOND FIVE-FOOT EXPLOSION CONTAINMENT 

VESSEL 

, 

I -I 

i 

i 
4 

Approximate 
Initial 

Relative Distance from Specialized Tools 
After After After 

Distance Calibration Shot 1 Shot 2 Shot 3 

Marks Inches Inches Inches Inches Inc'.ies 

1-2 22 5.900 5.958 6.040 6.100 
2-3 24 7.896 7.895 7.900 7.903 
3-4 25 8.812 8.853 8.905 8.975 
4-5 24 8.095 8.085 8.097 8.126 
5-6 25 9.010 9.051 0.112 9.150 
6-7 24 7.995 7.994 8.000 8.008 
7-8 21 5.000 5.051 5.115 5.161 

9-10 23 6.645 6.715 6.813 6.916 
10-11 24 8.068 8.248 8.295 8.372 
11-12 25 8.901 8.954 9.035 9.133 
12-13 24 8.016 8.003 8.028 8.061 
13-14 25 8.952 8.970 9.007 9.075 
14-15 24 7.812 7.911 7.973 8.076 
15-16 23 6.920 6.960 7.020 7.073 

17-18 24 8.154 8.155 8.150 8.180 
18-19 25 8.930 8.944 8.957 8.962 
19-20 24 8.221 8.311 8.333 8.497 
20-21 25 9.085 9.092 9.089 9.130 
21-22 24 7.990 7.005 7.000 8.003 
22-23 25 9.013 9.040 9.104 9.175 
23-24 24 7.645 7.885 7.927 7.975 
24-17 25 9.020 9.047 9.100 9,170 

25-26 20 8.817 8.820 8.815 8.811 
27-28 20 9.005 8.985 8.966 8.967 

fifi'MimMirtnMiiirr  ■" n ^  ^  ---     
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TABLE   8  .     CALCULATED STRAIN FROM FIDUCIAL MARK  READINGS   ON THE 
SECOND FIVE-FOOT EXPLOSION CONTAINMENT VESSEL 

i 

After 
Shot 1 

After Shot 2 After Shot 3 
Individual Cumulative Individual Cumulative 

Marks % % % % I 

1-2 .26 .37 .64 .27 .91 
2-3 -.004 .02 .02 .01 .03 
3-4 .17 .21 .37 .28 .66 
4-5 -.04 .05 .01 .11 .12 
5-6 .16 .20 .37 .15 .52 
6-7 -.004 .03 .02 .03 .05 
7-8 .24 .26 .50 .22 .72 

9-10 .31 .43 .74 .45 1.20 
10-11 .75 .20 .94 .32 1.26 
11-12 .21 .33 .54 .39 .93 
12-13 -.05 .10 .05 .14 .19 
13-14 .07 .15 .22 .27 .49 
14-15 .42 .26 .68 .43 1.11 
15-16 .17 .26 .44 .23 .67 

17-18 .004 -.02 -.02 .12 .11 
18-19 .06 .05 .11 .0 .13 
19-20 .37 .09 .46 .68 1.14 
20-21 .03 -.01 .02 .16 .18 
21-22 .02 .02 .04 .02 .05 
22-23 .11 .26 .36 .28 .65 
23-24 1.02 .18 1.19 .20 1.40 
24-17 .11 .21 .32 .09 .41 

25-26 .02 -.03 -.01 -.02 -.03 
27-28 -.10 -.09 -.19 .005 -.19 

ft 
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FIGURE  10.     INCREMENTAL STRAINS  IN PERCENT  FROM FIDUCIAL 
MARK READINGS  FOR SHOT  1  IN THE  SECOND 5-FT 
DIAMETER BLAST  CONTAINMENT CHAMBER. 
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As  a check whether  the  plyvood  top on  the  charge  support  stand 

was   responsible   for  this   observation,   all but a narrow strip was  cut away 

from  the   top of  the  simiJ .r stand prepared  for Shot  2.     To maintain  the 

charge  in  the vessel  ceiter without   direct support  under  the  bottom, 

1  x  2-in.   strips  of Styrofoam were   taped  to  the  remaining edges  of   the 

stand  top.     The  strain  distribution  resulting from this  shot   is  shown 

in  Figure  11.     It will be  noted  that  the  exaggerated strains  at both  the 

bottom and  top of   the  vessel were   eliminated by  this  modification  in  the 

charge  support. 

A similar open-topped  support  stand was  used  for  Shot   3 with 

similar results. 

The modifications   to the  doors   to affect  a better seal were 

fairly effective.     The  escapirP  detonation product  gas  did not  ignite  after 

the   first shot and venting  of  the  gases  continued  for about  13 minutes  after 

the   shot.     After Shot  2,   the  escaping gases  ignited and burned at   the  port 

for  about  10 minutes  after  the  shot with  flames  about   3  ft   in   length.     After 

the   third shot,   the  gases burned  for    6  sec  then went out.     Venting continued 

for   a  total of  less  than   10  minutes   after the  shot. 

Free air blast  pressure  measurements were made  directly  in  front 

of   the vessel poi t at distances  of  5-1/.° and lJ-l/2-ft   for  all   three  shots 

using ST-7A side-on blast  pressure   transducers provided by Mr.   Wolfson of 

NEODF.     The peak side-on pressures  at  5-1/2-ft uere  3.42,   2.97,   and  1.61 psi 

for  Shot nos.   1-3  respectively.     In  each  case  the maximum pressure was   the 

second shock observed,   following  the   first by 0.2-0.4 msec.     The peak  side- 

on  pressures  at  13-1/2-ft were  0.95,   0.92,  and 0.53 psi   for  the  three  shots 

respectively.     In  Shot  1  the   first   two shocks had coalesced  at   13-1/2   ft, 

while  the second shock was   still present and the largest  in  the  latter  two 

shots.     In each  case,   three  successive  shocks were  clearly   resolved  at  the 

closer distance with  the   third  shock  of smaller amplitude.     The  positive 

duration of the  three-shock group was    1.1 msec in each of  the  three shots. 

After the third shot  the vessel remained in excellent condition with 

the  only apparent  evidence  being a  slight opening of a gap between  the  two 

doors  as  expected due  to   the  strain of  the vessel.     The  average  strain  of 
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FIGURE  11.     INCREMENTAL STRAINS  IN PERCENT FROM FIDUCIAL MARK 
READINGS  FOR SHOT 2  IN THE  SECOND 5-FT DIAMETER 
BLAST CONTAINMENT CHAMBER 
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0.6 percent  could only be  detected by  detailed measurements  of   the   fiducial 

gage  lengths,  not by outward appearance.     The  slight  reduction   in   the 

vertical and horizontal  distances  across   thf  reinforcing ring noted  in Table 

8  for marks  25-26,   and 27-28 was  probably  caused by a slight  inward rotational 

deformation  of  reinforcing ring.     Although   the   ring for  thi^   vessel was  of 

a  different  material  than   that   used in  the   first  vessel,   both were  machined 

according  to  the same drawing.     The  ring on   the  first vessel had  suffered a 

slight  outward rotational deformation of  the  ring.    There wcs  no  evidence of 

any  lateral bending of either  ring associated with  the  split  in   the  doors. 

CONCLUSIONS  AND RECOMMENDATIONS 

Conclusions 

I 
1 

■i 
1   * 

J   i 

The  concept of complete blast  containment was proven  in  the   vessel 

design  developed in  this  program for  35-lb  charges  of  C-4. 

The  plastic strain  increments  per  35-lb  shot were  small,  0.14   to 0.045 

percent.     In smaller vessels,   single  shot plastic  strain  increments 
(3) up  to  3.8 percent have been  successfully  contained       .     Thus   it  seems 

highly probable that  considerably  larger charges  could be   contained 

for a  limited number of shots  in vessels  of  the  size built   during  this 

program.    A spherical  charge  in the  range of  70-80  lb of C-4  is pre- 

dicted to produce only    1 percent plastic strain, which should still 

be a safe situation. 

Where limited numbers of detonations are to be contained,   40% or more 

savings  in  containment vessel weight  can be  realized by  designing 

for plastic deformation of   the containment vessel. 

In a containment vessel designed for plastic deformation,   the  occurrence 

of small,  1-1 1/2 percent strains has been proven not to impair the 

vessel's blast containment  capability  for blasts which will  produce 

small additional plastic strain increments. 

,  v 
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• 
Recommendations 

1. The  maximum charge  containment   capability of  the vessels  fabricated  in 

this   program has not been proven.     It   is  recommended  that  this  be 

determined for one or more of   the prototypes  fabricated c'urirr', this 

program to  determine  and demonstrate   the margin of safety  present  in 

their  design. 

2. The  large,   multiply  repeated strain cycles which blast containment 

vessel  experiences,   at   least  locally,   for charges just below   the 

elastic limit suggest  extreme   care should be exercised in the   use of 

a vessel  for large numbers  of  repeated  firings  to insure   that   fatigue 

failures are not induced. 

I 
: 
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REINFORCING RING DESIGN 

General Criteria 

•     i 

I    !     | 

J    ; 

The  design  formulas   for  the   reinforcing  ring and  door were 

derived  using an  average  wall   thickness  of   the  vessel  and   the  follow- 

ing constraints: 

•     The   formulas  were based  upon  a  static  internal 

pressure  loading. 

«     The  sphere was  assumed  to  act  as   a  thin shell, 

which  is  completely valid  only  for  shells 

having a ratio between  the   radius   to  the median 

surface and  the  thickness  greater  than or equal 

to 60   (a /t     >  60).    The  stress   in   the  shell was s     s 

where 

then given by the following formula: 

o = pa /2t 
s    s  s 

o    =  uniform stress  in  the  sphere s 
p =  static  internal pressure 

a    =   radius  to  the  median surface of  the  sphere s 
t    =   thickness  of  the  spherical  shell, s 

The  door was  designed to a stress  at   the outer 

surface of   the  center of  the  door equal  to   that 

in   the  sphere  so  that  gross  deformation  and  sub- 

sequent shifting of  the bearing support   line  with 

the   ring would not occur. 

The  ring was   designed so  that   the  sphere  and   the 

ring would have equal static  deflection  at   their 

welded junction  under an  internal  pressure. 

All  eccentricities within  the   ring  and sphere  junction 

were  minimized   for a  static  loading. 

(B-l) 
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The  average wall  thickness  of  the  vessels was  used  even 

though  there was  a signi'leant  variation  in  true wall  thickness   from 

the  center  to  the  edge   of each hemisphere because   it was both   conser- 

vative  and  the best  number available  so  that  the  design  could  proceed 

before  the hemispheres  were  delivered. 

It  is noted  that obtaining reliable actual wall-thickness 

information  from suppliers of  formed hemispheres   is not  an easy matter. 

Formed hemispheres   are  characteristically  supplied  for pressure-vessel 

applications  in which  the minimum wall thickness   is  the applicable  cri- 

teria.     With   the   uncontrollable  variations  in wall  thickness which  occur 

during the  forming operation,  manufacturers  characteristically  use an 

appreciable extra  thickness for  the original blank to  insure  that  the 

quoted minimum is  exceeded at   the  thinnest portion of   the  final   fabrica- 

tion,  since weight is not normally a factor in pressure-vessel applica- 

tions.     In  this work,   however,   minimum weight  is   one  of  the primary  con- 

siderations.     For purposes of determining the average wall  thickness 

which will be  realized in a vessel,   the manufacturer's  quoted Inside 

diameter and estimated   (not guaranteed)   shipping weight seems  to provide 

the best indication of what the  average wall  thickness  of the vessel is 

likely to be  for design purposes.     Consideration must be given to the ex- 

pected minimum wall  thickness   as well,   since   the hot-spinning process,   for 

example,   appears  to lead to much  larger and more  uncontrollable varia- 

tions in wall thickness  than hot pressing in a die. 

Steps in Design 

This section  Includes  the design guidelines developed for the 

vessels  fabricated in  this program.    The performance of the vessels tested 

to date using these guidelines  appears  to be generally satisfactory, al- 

though additional  experience with   them is  desirable before   they  can be 

regarded as  firmly established.     The vessels  fabricated for  this program 

were not  sized with   the   intention  of  containment   of a  specified blast 

^■■.^.i^j^^^.tl«,^.;.,,...,.,^:,^,.^,. ^■..^■^^t^^~^^^.^|^|||fl|jg|)jMjB|^t|iyt.|tH.^i;.: ^^.^.L^.ut^k.^j^ 
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load, s ince no design criteria for th is purpose existed at the in­

ception of this program. Howeve r, the res ults of this research nm,• 

allow choice of a vessel diame ter and '"al l thickness expected to accom­

plish a speci f i c containment objective. In addi tion, the size of the 

opening d s i red is selected on the basis of the expected end use of the 

ve s s el . Currently , our judgment f r mos t app lications is that the port 

opening should not exceed the radius of the vessel. 

Figure (B- 1) illustrates the geometry of the junction bet,llcen the 

sphere, reinforcing ring a nd door. 

The size of the bearing surface b bet,.,een the ring and the door 

is the first quantity to be determined. For a first estimate, the follow­

ing expression was used: 

where 

b • (a /ab)(ad/a )t s s s 

ab a the lower of the compressive yield-stress 

values for the door and ring materials. 

ad = radius of the port. 

(B-2) 

The remaining quantitir:s were defined in Equation (B-1). The value of b 

was then refined using the following formula wherein a was substituted for 
0 

where 

a
0 

• ad + b /2 

b ~(a fryb)(a /a )t , 
s 0 s s 

a • approximate location of the bearing stress load 
0 

line assuming c is equal to zero in Figure (B-1). 

(B-3) 

(B-4) 

The thickness of the flat plate door, td, was determined from the follow­

ing formula for small deflections, which considers not only bending of 

the plate but also shearing strain and lateral pressure effects on the 

edge of the door. 

1/2 
1 (_3~) -Jj' 
2 1 - v 

(B-5) 
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FIGURE 1.  GEOMETRY OF THE JUNCTION BETWEEN THE 
SPHERE, REINFORCING RING, AND DOOR 
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where vis Poiss n ' s Ratio (v = 0.27 for steel). The objective i n t he 

design of the door was to provide a part that would support both the 

dynamic load an~ the static load of a contained ~xplosion without deforming 

so much that the load line geome t ry bet\veen the door and the ring \vas 

destroyed. The stress found in the sphere was used as the maximum value 

of stress to be found in the door. This occurred at the outer surface 

of the center of the door. 

The first approximation of the reinforcing-ring cross section 

was generated with the assumption that the centroid of the ring would lie 

close to the radius, a • 
0 

The following formula, '"hich was derived for 

a thin ring, which has a thickness-to-radius ratio less than 1:5, and a 

sphere, was used for the first estimate of the cross section of the ring, 

which \vould deform the same amount at its centroid as the sphere, if the 

sphere had continued to the same location: 

where 

a t 
A = (~-~) cos ~0 sin ~0 • 

~0 = sin-1 (a /a ). 
0 s 

I 
I 

(B-6) 

(B-7) 

This rectangular area, A, Then all~ved a reasonable1 engineering estimate 

for the thickness of the ring, T, to be made. If the ratio, T/a , 
0 

violated the thin-ring criterion, the following formula, based on a thick 

ring with the deflection matched at the point of contact with the hemi­

sphere, was used to determine the height, H, of the ring: 

2E t 
11 s s 

= "ETf-v) 
r 

2 
(ad + T) 

2 J~ ! [ 1 + (1 + ~)2 _ v] 
g s (1 + !_)2 - 1 

ad 

(B-8) 
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where  E    and  E    are Young's Modulus   of  the   ring and sphere,   respectively, 

and the other quantities  are as  shown  in Figure   (B-l),     The area and the 

rough  dimensions  of T an a H are  next   represented  on a drawing,   such  as 

Figure   (B-l).     Using  tfis  drawing , the  shape   of  the  ring cross  section was 

changed  from  simply  rectangular  to  accomplish   the   following two objectives 

while keeping   the  cross-sectional area.  A,   of  the  ring constant: 

• Make  the  transition  or change   in  cross  section 

between  the  sphere  and  the  ring as  smooth as  possible 

to  avoid large  stress   concentrations. 

• Make  the  sum of  the  moments  caused by   the bearing 

load from the  door and  the  loading by  the  sphere   as 

near equal  to  zero  about   the  centroid of  the  ring 

cross section as possible,   to minimize  the  tendency 

of the  ring to twist under load. 

The  second objective was  expressed by   the equation: 

a 
d-2 a s 

where 

(B-9) 

e = perpendicular distance from the projected load 

line from the junction of the sphere and ring to 

the centroid of the ring- 

d= perpendicular distance from the projected door/ring 

bearing line to the centroid of the ring. 

A rapid solution for the ring sizes and shapes required for cost and 

sizing purposes was facilitated by adjusting a through use of the in- 

ternal chamfer, c, on the inside surface of the ring (see Figure (B-l)). 

a. + c + b/2. 
a 

(B-10) 

The final iteration checked the validity of the values calculated for the 

bearing surface, door thickness, cross section of the reinforcing ring, 

and the balance of the moments about the centroid of the reinforcing ring. 

M i»tri«l»l^-"""-'Ha^l'-J'-"Vini1( •■■--'■ fl'riiiitiiiirtiillliiMilliBllMMittl 
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WELDING PROCEDUKL EPEC1FICATJ0N (WPS) 

Welding Procedure Specification 
No/ Revisions  P-74-ft 

Date 12/3/74 Supporting PQR No(S)PQ-74-l_ 

Welding Process(es) Gas Metal Arc in combination   Types Semi-Autotnatic (GMA) and Manual (SNA, 
with shielded metal arc 

JOINTS 

Groove design      Single U 

Backing   

Other 

BASE META' - 

P No. 1 to P No. 

Tliickness range     3/16"  to  3" 

Other 

•. 

« 

FILLER METALS 

F No. 4 and 6 

A No.      1 

Other 

Other 
SFA 5.5 E8016-C3 

Spec. No. SFA 5.18     AWS No. E70 S-4 
SFA, SFB Class 

E8016 1/8" dia. 
Slie of Electrode E70 S-4 0.045" dia. 

Size of Filler 

Flux Composition 

Particle Size 

Electrode Flux Composition 

Consumable Insert _______ 

Other         

POSITION 

Position of Groove  Flat 

Welding progression   

Other 

PREHEAT 

Preheat Temp.   250 F min. 

Intcrpass Temp. 250 F min. 

Preheat Maintenance 

Other 

POSTWELD HEAT TREATMENT 

Temperature   

Time Range   

Other 

"'■" '■■'"■'-"••^liiiiiirtirnirniiiTiii 
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WELDING PROCEDURE SPECIFICATION (WPS) 
(Continued) 

Welding Procedure Specification No. 

GAS 

Shielding Gas(es) Argon - 2% Oxygen 

Percent Composition   

P-7/1-A 

(mixtures) 

Flew  Rate        55  cfh 

Gas Backing 

Trailing Shielding 
Gas  Composition 

Other 

Date      12-:>-7" 

ELECTRICAL CHARACTERISTICS 

Current DC 

AC or DC 
Polarity    Reverse 

Amps.250-290 GMA Volts  26-28  GHA 
(Range) (Range) 

Travel  Speed     7  to 11  ipm  

Other 

(Range) 

TECHNIQUE PROCEDURES 

String or Weave Bead  strinq 

Orifice or Gas Cup Size 

Initial C Intcrpass Cleaninn Initial: hand- 
held power giinacr.  Interpas<rr—powered  

wire brush  

Method of Back Gouging Power Grinder 

Oscillation 

Contact Tube LO Work Distance 
3/8" 

Multipass or Single Pass    Multipass 
(per side) 

Single or Multiple Electrodes Single 

Other   

^a^M-^^Jfe.iato^^^.i-,iai.^»,,-,..,^|(iM)f|j| 
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PROCEDURE  QUALIFICATION   RECOrOJ   (I'QR) 

/ . 

■\ 

Procedure Qualification Record No.  rQ-74-1 

WPS No.  P-74-A 

Welding  Process(es)   Shielded metal-arc  for 
passes  1  and  2,  qas metal-arc for balance. 

JOINT: 

Date   Dec-  4'   1974 

Typos    Semi-Auto(SHA)SManual(SMA) 
(Manual,  Automatic,  Semi-Auto.) 

BASE  METALS 

Material Spec.      A537A  

Type or Grade   

P No. 1 to P No. 

Groove Design Used 

Thickness       Ih inches 

Diameter   

Other 

FILLER METALS POSITION 

Held Metal Analysis A No.   \ ^_      Position of Groove      Flat 

Sire of  Electrode   A{§'>5C0^?rgd electrode; Held Progression  
Filler liotal F No. 4^covered electrode) ;   G(wirc) (Uphill,  Downhill) 
SFA Specification  5.5 and  5.18  
AUS Classification   £8016-03 and E705-4 
Other 

POSTWELD  HEAT TREATMtNT 

Temperature   
Time   
Other 

Other 

PREHEAT 

Preheat Temp.     250F 
Interpass Temp 
Other 

250F 

GAS 
/ 

Type of Gas or Gases Argon-2t02 
6 Composition of Gas Mixture 

Other 55 cfh 

ELECTRICAL CWVRACTERISTICS 

Current     DC 

TECHNIQUE PROCEDURES 

String or Weave Bead      strln9 
Polarity    Reverse  
AlIPs-     ""ifj^j ~     Volts       27   (GMA) 

Oscillation 
. w , .   „j      ,,..,, Multipass  or  Single  Pass    Multiple  

Travcl^pced    Tipm   (passes  3-10);   llipm   (balance) (per side) 
Other        Single or Multiple Electrodes      Single 

  v***********^^^ .■ 
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PROCEDUKi; gUAIjIFlC-.TIUN   RECORn   (PQR)       PO-74-1 
(Ccintinuod) 

12/4/74 

TENSILi: TLST RESULTS 
'PECIMCN DIili:i«10::s PER FIGUnu QW 462. Id, Section IX, ASHE 

Boiler Code 

Jpccimen Dimonf;i ons Area 
sq.   in. 

Ultimate 
Load,   lb Stress,   psi 

Character and 1 
Location 

of Tailuro | i   Number Width t1'         Thickness'2 

1 0.504 inch diameter 0.199 15,780 79,200 Weld metal         j 

2 0.503 ., 0.198 15,050 76,100 j 
3 0.503 „ 0.198 15,390 77,700 „ 

4 0.504 „ 0.199 15,210 76,000 | 

(1) Record outside diameter if a full pipe section is tested. 
(2) Record wall thickness if a full pipe section is tested. 

GUIDED REND TEST RESULTS 
SPECIMEN DIMENSIONS PER FIGURE QW 462.2a Section IX, ASME 

Boiler Code 

Epecimcn 
Number Typo 

Bend 
Radius Results 

Specimen 
Number Type 

Bend 
Radius Results                  j 

1 Side 1-1/4" No defects 4 Side 1-1/4" No defects                    | 

2 Side 1-1/4" No defects 

3 Side 1-1/4" No defects         | 

Toughness Tests 

Specimen 
No. 

Notch 
Location 

Notch Test Inpact 
Values 

Lateral  Exra. Droo Weicht 
Type Tor.D. '.Shear üils «roak ::o »reflJ: 1 

Type of Tost _ 
Deposit Analysis 
Other 

/ 

i 
\ 

Result - Satisfactory 
Yes, No 

Type and Character of Failure 

Fillet Weld Test 

Penetration into Parent Metal 

Macro Results 

Yes, No 

Romarks 

nie results of the bend and tensile tests meet the requirements of Section IX, ASHE Boiler 
and Pressure Vessel Code, 1974. 

Weld made by W. H. Stefanov 

■.^^ w-^iiMaLwärt^.!^^ ■  ^ | i'l|iriaKt||f||(ffl)||i^lL^__ 
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HELOING PROCEDUW: SITCHICATION   (Wl'S) 

Wulding  Procedure  Specification 
No/ Revisions     P-7 5-A  

Date    3/28/75    Supporting   PQR No(S)  Pp-75-1 

Welding  Process(os)   Gas-metal-arc in combination        Types     Semi-automatic   (GMA and 
...     . .   , ,   ,       .   , Manual   (SMA) with shielded metal arc 

JOINTS 

Groove design    Single u 

Backing   

Other •  

BASE METALS 

P No.    ]_ to P No. 

Thickness range 3/16" *.o 3" 

Other 

FILLER METALS 

F No. 4 and 6 

A No. 1  

Other 

Other 
SFA 5.5 E7018 

Spec.   No.   SFA  5.20  AWS No. E70T-1 
SFA,   SFB Class 

E7018 -   1/8"  dia. 
Size of Electrode £701^-1  -  3/32" dia. 

POSITION 

Position of Groove       Flat 

Welding progression   

Other   

Size of Filler 

PREHEAT 

Preheat Temp.  250 F min. 

Flux Composition 

Particle Size 

Intcrpass Temp. 250 F min. 

Electrode Flux Composition 

Consumable Insert   

Other  

Preheat Maintenance 

Other 

POSTWELD HEAT TREATMENT 

Temperature 

Time Range 

Other 

'•■";"t^""'—L ; --"^.■^.■.-. Jäiuauuüttyt^i  '-"-"-^ilüilillllli 
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WELDING  PROCEDURE  SPECIFICATION   (WPS) 
(Continued) 

Welding Procedure Specification No.  _P^±!t  ^    3/2B'/7L 

GAS 

Shielding Gas(es)    Carbon dioxide 

Percent Composition 

EliCTRICAL CHARACTERISTICS 

Current DC Polarity     Reversc 

(mixtures) 

AC or  DC 
E7018  160  to   180 

Hapg.ETOT-l   380-400     Volts      26 volts  E70T-1 
(Range) (Range) 

Flow Rate 50 cfh 
Travel Speed 

Gas Backing 
(Range) 

Trailing Shielding 
Gas Composition _ 

Other 

Other 

TECHNIQUE  PROCEDURES 

String or Weave Bead     string 

Orifice or Gas Cup Size   

Initial  6 Interpass Cleaning   Initial:   hand-held 

power grinder;   Interpass:   powered wire brush 

Method of Back Gouging    Power grinder  

Oscillation 

Contact Tube to Work Di stance 

Multipass or Single Pass Multipass 
(per side) 

Single or Multiple Electrodes 

Other  

Single 

..^.^^iM*~.*i™..*~*^*-'~--~'-~"-'-' - ■■.f.i.^.-.iA.,..^ ... ,..>,.^..;^^»^. 
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PROCEDURE QUALIFICATION  RECORD   (TQR) 

Procedure Qualification Record No.   PQ-75-1 

WPS No.       P-75-A 

Welding Process(cs)      Shielded metal-arc for 
passes  1 thru  3, gas metal-arc for balance 

JOINTS 

Groove Design Used 

FILLER METALS 

Weld Metal Analysis A No. 1  
Size of Electrode   E7018   i/8";   E70T-1   3/32" 
Filler Metal F V.o.    4 and 6  
SFA Specification      5.5 and  5.20  
AHS Classification   E7018 and E70T-1 
Other   

POSTWELD HEAT TREATMENT 

Temperature 
Time   
Other 

ELECTRICAL CHARACTERISTICS 

Current        P^  
Polarity       Reverse  
Amps. •     Volts   2b  volts  -  E70T-1 
Travel Speed   
Other  

* 170 amps 7018 

380-400 amps E70T-1 

Date     3/28/75 

Typgg    Semi-Auto   (GMA)   and Manual   (SHA) 

(Manual,  Automatic,   Semi-Auto.) 

BASE METALS 

Material   Spec.      A537A 

Type or Grade   

1 P No. to P No. 

Thickness 

Diameter 

Other 

1-1/2  inches 

POSITION 

Position of Groove Flat 
Weld Procjrossion 

Other 
(Uphill,  Cownhill) 

PREHEAT 

Preheat Tor.p.     250 F 
Interpass Temp.250 F 
Other 

GAS 
/ 

Type of Gas  or Gases Carbon dioxide 
i Composition of  Gas  Hixtun 

Other       50 cfh  

TECHNIQUE  PROCEDURES 

String or Weave Bead      String 
Oscillation   
Multipass   or  Single  i'ass      Multii li 

(per  side) 
Single  or Multiple Electrodes     Single 

,   v 
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^BOCEDOKE OUALiriCTIÜN  RECOKD   (I'QR)    Pg-75-1        3/28/75 
(Continued) 

TENSILK TOST RESULTS 
SPECIMLN DIMEKSIOfiS PER FIGURE   QW462.1d,   Section  IX,  ASHE 

Boiler Code 

i   specimen 
i   Number 

Dimcnsi ons Area 
sq.  in. 

Ultimate 
Load,   lb Stress, psi 

diameter and 1 
Location        ! 

of Failure      j Width'1'          Thickness I2' 

1 0.202 16,025 79,406 Weld metal       ! 

i            2 0.202 15,925 78,880 Base metal       j 

3 0.200 16,000 79,880 Base metal        i 

4 0.201 15,750 78,511 Base metal       | 

(1) Record outside diameter  if a   full pipe section  is  tested. 
(2) Record wall  thickness  if a  full pipe section is  tested. 

GUIDED BEKD TEST RESULTS 
SPECIMEN  DIMENSIONS  PER FIGUPJ-: QW  452.2a,   Section  IX,   ASHE 

Boiler  Code 
r  
Specimen 

Number Typo 
Bend 

Radius Results 
Specimen 

Number Type 
Bend 

Radius Results                 j 

1 Side 1-1/4" No defects 4 Side 1-1/4" No  defects                  1 

2 Side 1-1/4" No defects        | 

3 Side 1-1/4" No  defects        i J 

11 

1 t 1 

Toughness Tests 

Epecitsen 
No. 

Notch Notch Tost Impact 
Values 

I.atrrr.l  E!:-:-. Droo I.'.-n-ht        i 
Location Tv-.-j Tcr.p. '.r.iiei^ i   ;'.ils r.-c^^    i    :.o ^rc;.;;l 

__.._„__, 

Type of Test _ 
Deposit Analysis 
Other 

/ 

Result - Satisfactory   
Yes,  No 

Type and Character of Failure 

Fillet Weld Tost 

Penetration  into Parent tlctal 

Macro Results 

Kos, No 

Remarl.s 
The results of the  bond and  it^nsile  tests met  the requirements  of  Section  IX,  ASME Boiler 
and Pressure Vessel  Code,   1074.     Welds made by W.H.  Stefanov. 
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